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Coiled	 coils	 (CCs)	 are	 ubiquitous	 natural	 protein-folding	
and	 protein-protein-interaction	 motifs.	 They	 have	 been	
used	 extensively	 as	models	 for	 protein	 folding,	 assembly	










combinations	of	 aliphatic	 hydrophobic	 residues—particu-
larly	 isoleucine	 (Ile)	 and	 leucine	 (Leu)—in	 CC	 interfaces	
suffice	to	stabilize	and	distinguish	the	predominant	oligo-






chains—Phe,	 Tyr	 and	 Trp—found	 in	 natural	 coiled	 coils	
(Figure	1A	&	B)	account	for	<10%	of	residues	at	the	tradi-
tional	 hydrophobic	 core	 positions,	 approximately	 as	 ex-
pected	by	chance.7		
There	are	some	studies	of	peptides	with	Ar	residues	incor-
porated	 into	 CC	 dimers,	 trimers	 and	 higher-order	 oligo-
mers.15–17	 Specific	 examples	 of	Ar-containing	de	 novo	 and	





and	 homomeric	 and	 heteromeric	 helix-loop-helix	 motifs	
with	 isolated	Tyr,	His	and	Trp	residues	 that	contribute	 to	
buried	hydrogen-bond	networks	(Figure	1D	&	E).14	
In	analogous	helical	systems—such	as	natural	and	synthetic	
DNAs,	 foldamers,	 and	 supramolecular	 assemblies—π-π	
stacking	and	hydrogen-bonding	interactions	between	aro-
matic	moieties	contribute	to	the	forces	that	drive	molecular	
folding,	 specification	 and	 stabilization.28–30	 Inspired	 by	
these	studies,	and	by	a	gap	that	we	perceived	in	the	CC	field,	
we	 wondered	 if	 normally	 self-associating	 CC	 peptide	 se-
quences	incorporating	multiple	Tyr	residues	at	a	or	d	sites	
would	assemble	to	form	stable	and	discrete	structures.		
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reasoned	 that	 Tyr	 residues	 might	 be	 tolerated	 better	 in	
these	 barrels	 and	 related	 higher-order	 structures	 than	 in	
classical	dimers	to	tetramers,	as	the	former	have	more-ex-






the	 cores	of	 some	CC	assemblies	because	of	 its	bulk	 (e.g.,	




series	 of	 variants.	 Whilst	 many	 of	 the	 resulting	 peptides	
were	unfolded	or	aggregated,	some	formed	stable	helical	as-
semblies,	albeit	of	lower	thermal	stability	than	the	parent.	
X-ray	 protein	 crystal	 structures	 revealed	 helical	 bundles	
with	knobs-into-holes	 side-chain	packing	characteristic	of	











tivators	were	 purchased	 from	 AGTC	 Bioproducts,	 UK.	 All	
other	solvents	were	supplied	by	Fisher	Scientific,	UK.	Chem-




tion	 was	 achieved	 using	 DIC/Cl-HOBt.	 All	 peptides	 were	
produced	as	the	C-terminal	amide	on	a	Rink	amide	Chem-
Matrix	solid	support.	All	peptides	were	N-terminally	acety-
lated	using	 an	 excess	 of	 acetic	 anhydride	 and	pyridine	 in	
DMF.	Cleavage	from	the	solid	support	was	effected	with	tri-
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line	 (PBS;	 8.2	mM	 sodium	 phosphate,	 1.8	mM	 potassium	











and	 parameters	 were	 subtracted	 from	 each	 dataset.	 The	
spectra	were	converted	from	ellipticities	(deg)	to	mean	res-
idue	ellipticities	(MRE,	(deg.cm2.dmol-1.res-1	))	by	normaliz-
ing	 for	 concentration	 of	 peptide	 bonds	 and	 the	 cell	 path	
length	using	the	equation:	
𝑀𝑅𝐸(deg. cm!. dmol"#. res"#) =
𝜃 × 100
𝑐 × 𝑙 × 𝑏	
where	the	variable	θ	is	the	measured	difference	in	absorbed	
circularly	polarized	light	in	millidegrees,	c	is	the	millimolar	
concentration	 of	 the	 specimen,	 l	 is	 the	 pathlength	 of	 the	
cuvette	in	cm	and	b	is	the	number	of	amide	bonds	in	the	pol-

















viscosities	 were	 calculated	 using	 Ultrascan	 II	
(http:/www.ultrascan.uthscsa.edu).	 Sednterp	
(http://rasmb.org/sednterp/)	 was	 used	 to	 calculate	 the	
buffer	 density	 and	 viscosity	 of	 solutions	of	HEPES	buffer.	






AUC	 sedimentation	 equilibrium	 experiments	 were	 con-
ducted	at	20	°C	in	a	Beckman	Optima	XL-I	or	XL-A	analytical	
ultracentrifuge	using	an	An-50	Ti	or	An-60	Ti	rotor	(Beck-






can	 II,	 comprising	 a	minimum	of	 four	 speeds.	 95%	confi-
dence	limits	were	obtained	via	Monte	Carlo	analysis	of	the	

















fusion	 crystallization	 trials	 using	 standard	 commercial	
screens	(JCSG,	Structure	Screen	1+2,	ProPlex,	PACT	Premier		
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CC-Type2-(aadd)4	   (Ac)-GEdAQA aKEdAKA aKEdAWA aKEdAQA aKG-(NH2) 	 	 	
CC-Type2-(LaId)4	(CC-Hept)‡	   (Ac)-GEIAQA LKEIAKA LKEIAWA LKEIAQA YKG-(NH2) -**	 6.3	 6.8	
CC-Type2-(YaFd)4	   (Ac)-GEFAQA YKEFAKA YKEFAWA YKEFAQA YKG-(NH2) 43	 4.3	 4.3	
CC-Type2-(IaYd)4	   (Ac)-GEYAQA IKEYAKA IKEYAWA IKEYAQA IKG-(NH2) 63	 agg.	 n/a	
CC-Type2-(IaYd)4_termK	  (Ac)-KGEYAQA IKEYAKA IKEYAWA IKEYAQA IKGK-(NH2) 59	 agg.	 n/a	
CC-Type2-(IaYd)4_termSS	 (Ac)-SSGEYAQA IKEYAKA IKEYAWA IKEYAQA IKGSS-(NH2) 61	 agg.	 n/a	
CC-Type2-(IaYd)4-Y3F	   (Ac)-GEFAQA IKEYAKA IKEYAWA IKEYAQA IKG-(NH2) 69	 6.3	 6.3	
CC-Type2-(IaYd)4-Y3F-Y24F	   (Ac)-GEFAQA IKEYAKA IKEYAWA IKEFAQA IKG-(NH2) 81	 6.1	 6.6	
CC-Type2-(VaYd)4	   (Ac)-GEYAQA VKEYAKA VKEYAWA VKEYAQA VKG-(NH2) 40	 agg.	 n/a	
CC-Type2-(VaYd)4-Y3F-Y24F	   (Ac)-GEFAQA VKEYAKA VKEYAWA VKEFAQAVKG-(NH2) 56	 5.4	 5.5	
	        gabcdef gabcdef gabcdef gabcdef cde 	 	 	
CC-Type2-(IaYd)4_r	  (Ac)-GAIKEYAQ AIKEYAK AIKEYAW AIKEYAQ G-(NH2) 43	 6.1	 5.9	






Light	 Source	 (Didcot,	 UK)	 at	 a	 wavelength	 of	 0.92	 Å	 on	
beamlines	 I03,	 I04-1	 and	 I03	 for	 CC-Type2-(VaYd)4-Y3F-
W19(BrPhe)-Y24F,	 CC-Type2-(VaYd)4-Y3F-W19(BrPhe)	
and	CC-Type2-(YaFd)4-W19(BrPhe),	respectively.	Data	were	






porates	 point-group	 selection,	 integration,	 scaling	 and	
merging.41	 Experimental	 phasing	 and	 structure	 building	
was	achieved	using	the	Big	EP	automated	pipeline,42	which	
utilizes	 autoSHARP,43	 Phenix,	 AutoSol/AutoBuild44	 and	
Crank2.45	 The	 datasets	were	 phased	with	 SAD	phasing	 of	
bromine	atoms	from	4-bromophenylalanine	residues.	Final	
structures	were	 obtained	 after	 iterative	 rounds	 of	model	
building	with	COOT46	and	refinement	with	Refmac	5.47	Sol-















structure.	 These	 were	 submitted	 to	 the	 PDBeFold	 server	
(http://www.ebi.ac.uk/msd-srv/ssm/)	 and	 CAME	
TopSearch	 (https://topsearch.services.came.sbg.ac.at/).	





The	 coiled-coil	 database,	 CC+	
(coiledcoils.chm.bris.ac.uk/ccplus/search/dynamic_inter-
face)	was	filtered	for	non-identical	CCs	with	Tyr	at	a,	d,	e	or	
g	 positions.	 Scripts	 were	 written	 using	 BioPython.49	 To	
measure	π–π	interactions,	centroid/central	positions	were	
taken	 from	 an	 average	 of	 C𝛾	to	 C𝜁	 for	 each	 Tyr	 aromatic	
ring.	Pairwise	distances	were	measured	for	all	Tyr	OH–OH	
atoms	and	for	all	π–π	in	each	structure	up	to	a	distance	of	
3.2	 Å	 and	 4	 Å,	 respectively.	 Scripts	 are	 available	 online	
(https://github.com/woolfson-group/multiple_aro-
matic_paper_2021).	
RESULTS AND DISCUSSION 
Redesign	 rationale.	 We	 based	 our	 target	 peptide	 se-
quences	 on	 the	 computationally	 designed	 heptameric	 a-
helical	barrel,	CC-Hept,11	 systematically	named	CC-Type2-
(LaId)4.	This	has	proved	a	productive	background	for	
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cooling	profiles	 for	CC-Type2-(IaYd)4,	 CC-Type2-(VaYd)4,	 CC-Type2-(YaFd)4,	 and	 (C)	discrete	variants	of	CC-Type2-(IaYd)4.	 (B	&	C)	
Thermal-denaturation	conditions:	10	μM	peptide	concentration,	PBS	at	pH	7.4.
examining	 sequence-to-structure	 relationships	 in	 CCs.27	
This	 30-residue	 peptide	 has	 four	 similar	 seven-residue	
(heptad)	repeats,	and	N-	terminal	acetylated	Gly	and	C-ter-





directs	 and	 stabilizes	 helix-helix	 interactions	 to	 form	 the	
parallel	heptameric	barrel	with	a	hydrophobic	 channel	of	
diameter	≈7	Å.	This	type	of	interaction	between	CC	α	helices	






specified,	 all	 other	 positions	 were	 maintained	 from	 CC-
Type2-(LaId)4.	Specifically,	the	e	and	g	positions	were	Ala	to	
promote	formation	of	large	bundles;	the	solvent-exposed	b	





Ten	 sequences	 were	 synthesized	 successfully	 by	 solid-
phase	 peptide	 synthesis	 and	 purified	 by	 reverse-phase	
HPLC	 (Table	 S1)	 (CC-Type2-(YaMd)4	 was	 not	 successfully	
synthesized).	These	were	characterized	by	analytical	HPLC	
and	MALDI	spectrometry	(Figures	S2.1–2.9).	
Solution-phase	 characterization.	 Each	 peptide	 was	
screened	 for	 α-helical	 folding	 by	 circular	 dichroism	 (CD)	
spectroscopy	at	10	µM	and	100	μM	peptide	concentrations	
(Figure	S3.1).	Of	 the	ten	peptides,	only	three	were	both	α	
helical	 and	 showed	 cooperative	 unfolding	 transitions,	
namely:	CC-Type2-(YaFd)4,	CC-Type2-(IaYd)4	and	CC-Type2-
(VaYd)4	(Figure	2A	&	Figure	S3.5,	S3.7	&	S3.8).	Thermal	an-








folded	 peptides	were	 subjected	 to	 sedimentation-velocity	
(SV)	 and	 sedimentation-equilibrium	 (SE)	 experiments	us-
ing	 analytical	 ultracentrifugation	 (AUC).	 By	 both	 tech-
niques,	CC-Type-2-(YaFd)4	 formed	a	discrete	tetramer	(Ta-




prastructures	 were	 observed,	 suggesting	 that	 CC-Type2-
(IaYd)4	and	CC-Type2-(VaYd)4	aggregate	non-specifically.	To	
test	 this,	we	synthesized	 two	variants	of	CC-Type2-(IaYd)4	
with	 charged	 (CC-Type2-(IaYd)4_termK)	 and	 polar	 (CC-






polar	residues	near	 their	 termini	and	 in	natural	CC	struc-
tures	in	the	PDB	(Figure	1B).52,53	To	test	this,	we	replaced	
the	 most-terminal	 Tyr	 residues	 with	 Phe	 in	 CC-Type2-





Encouragingly,	 by	 AUC,	 all	 four	 peptides	 formed	 discrete	
and	mostly	hexameric	species	in	solution,	although	a	frac-
tion	 of	 CC-Type2-(IaYd)4_r	 aggregated	 at	 low	 centrifugal	
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double	 Phe	mutant	 (CC-Type2-(VaYd)4-Y3F-Y24F).	 Indeed,	
the	 thermal	 stability	 of	 this	 variant	 improved	 compared	
with	the	parent;	and	it	formed	oligomers	between	pentamer	
and	 hexamer	 by	 AUC	 (Table	 1.	 Figures	 S3.17	 and	 Figure	
S4.8).	
To	 summarize	 the	 solution-phase	 biophysical	 data,	 se-
quences	with	multiple	Tyr	residues	at	the	core	a	and	d	po-
sitions	of	the	CC	repeat	can	form	stable	and	discrete	α-heli-





Peptide	 X-ray	 crystallography.	 Crystallization	 screens	
were	set	up	for	all	peptides	that	formed	discrete	assemblies	
in	solution.	Diffracting	crystals	were	only	obtained	for	CC-
Type2-(YaFd)4	 and	 CC-Type2-(VaYd)4-Y3F-Y24F.	 However,	
the	resulting	datasets	could	not	be	phased.	Therefore,	vari-









CC-Type2-(YaFd)4-W19(BrPhe)	 formed	 an	 oblate	 D2	 sym-









interactions	 dominated	 by	 the	 aromatic	 residues.	 Apart	
from	 the	 N-terminal	 Phe	 and	 the	 C-terminal	 Tyr,	 which	
cannot	 interact	with	complete	sets	of	hole	 residues,	all	of	







of	 CC-Type2-(YaFd)4-W19(BrPhe)	 can	 be	 attributed	 to	 the	




cent	 α	 helix.	 The	 average	 Tyr-Tyr	 aromatic-centroid	 dis-
tances	(Supplementary	Information	1.4)	are	3.8	Å	(±	0.1	Å)	
and	3.9	Å	(±	0.2	Å),	which	are	at	the	upper-limit	of	recog-




crystal	 structure	 of	 the	 triple	 mutant	 CC-Type2-(VaYd)4-






ter	molecules	 and	 a	 polyethylene	 glycol	molecule	 (Figure	
4B).		
SOCKET	 identified	 a	 variety	 of	 CC	 interactions,	 including	
Type-N,	Type-I	and	Type-II-like	interfaces	(Figure	4C	&	D).	
One	antiparallel	interface	lacks	KIH	interactions	completely	
and	 is	preserved	 solely	by	 the	 interdigitation	of	 aromatic	
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are	offset	by	a	 single	helical	 turn	 (half	of	 a	CC	heptad	 re-
peat),	and	one	helix	associates	with	the	assembly	in	an	anti-
parallel	 fashion.	 This	 accommodation	 of	 buried	 tyrosine	











Y3F-Y24F-W19(BrPhe),	 we	 sought	 to	 address	 issues	 that	
we	had	encountered	earlier	in	the	study	regarding	bundle	
fraying	and	aggregation.	We	made	a	variant	with	a	 single	
YàF	 change,	 namely	 CC-Type2-(VaYd)4-Y3F-W19(BrPhe)	
(Table	S1),	and	solved	 its	X-ray	crystal	 structure	 (Figures	












α-helical	 turns)	 between	 the	 two	 structures	 (Figure	 4G).	
This	 can	be	understood	by	 comparing	 the	 two	hydrogen-
bond	networks	(Figure	4B	&	F).	While	the	centers	of	the	net-
works	are	largely	preserved,	the	different	offsets	allow	dif-
ferent	 terminal	 residues	 to	become	exposed.	 In	 the	 triple	





the	 additional	 Tyr	 residues	 to	 become	 more	 solvent	 ex-
posed	(Figure	4E	&	F).	
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Similar	structures	in	the	RCSB	PDB.	Intrigued	by	the	com-
plexity	 of	 these	 Tyr-containing	 structures,	 we	 searched	
PDBeFold	 and	 CAME	 TopSearch	 for	 similar	 protein	
folds.57,58	
Unsurprisingly,	 searches	 using	 the	 tetrameric	 CC-Type2-
(YaFd)4-W19(4BrPhe)	 returned	 a	 plethora	 of	 structures.	
These	 included	 natural	 and	 de	 novo	 designed	 tetrameric	










3v2r);	 designed	hexameric	 barrels,	e.g.	 CC-Hex2	 (PDB	 ID:	
4pn9);	 and	designed	blunt-ended	 and	 engineered	 slipped	
heptameric	barrels,	e.g.	CC-Hept	and	GCN4-pAA	(PDB	IDs:	






















dimers	 (91%),	and	 four	of	 the	π–π	 interactions	 identified	










we	observe	 two	modalities	 for	accommodating	 these	side	
chains.	 In	 the	 first—which	 is	 in	 an	 antiparallel	 tetramer	
with	Tyr	at	the	a	sites	of	a	CC	sequence	repeat—Tyr	resi-
dues	 pair	 at	 the	 interface	 between	 the	 hydrophobic	 core	
and	 the	 CC	 surface	 to	 form	 π-π	 interactions	 and	 leaving	
their	 hydroxyl	 groups	 exposed	 to	 solvent.	 In	 the	 second,	
with	 Tyr	 at	 the	 d	 sites,	 the	 peptides	 form	 complex	 hex-







tures	 of	 α-helical	 bundles	 in	 solution.	 This	 highlights	 the	
complexity	of	 the	CC	energetic	 landscape,	where	multiple	






ing	 α-helical	 bundles	with	 Phe	 rather	 than	 Tyr	made	 the	
peptides	easier	to	handle	and	more	discrete.	We	attribute	
this	to	Phe	consolidating	and	capping	the	core,	as	compared	
with	 Tyr,	which	 favors	 interactions	 of	 its	 hydroxyl	 group	
with	solvent.		
From	previous	studies,	we	know	that	 some	CC	sequences	
based	 on	 aliphatic	 residues	 preferentially	 form	 α-helical	
barrels	with	solvent-accessible	channels.27	Therefore,	 it	 is	
somewhat	surprising	that	we	did	not	observe	such	assem-
blies	with	 the	Tyr-based	sequences.	 It	 is	possible	 that	 se-
quences	containing	multiple	Tyr	prefer	to	form	structures	
with	 consolidated	 cores	 because	 of	 increased	 aromatic-
based	hydrophobic	interactions.	Alternatively,	barrel	states	




consolidated	 cores.25–27	 If	 this	 is	 true	 generally,	 designing	
Tyr-containing	sequences	without	Phe	might	lead	to	barrel	
structures.	
Finally,	 macromolecular	 structures	 that	 are	 rich	 in	 con-
strained	 and	 clustered	 electron-rich	 aromatic	 groups	 can	
have	 interesting	 optical	 and	 electrochemical	 properties.62	
Therefore,	beyond	developing	new	design	rules,	structures	
of	the	type	reported	here	could	form	the	basis	of	protein	de-
signs,	 nanomaterials,	 and	 sensors	 with	 new	 and	 useful	
properties.	









(YaFd)4-W19(BrPhe),	 7bo9	 for	 CC-Type2-(VaYd)4-Y3F-
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conducted	 the	 solution-phase	 biophysics.	 J.L.B.	 collected	 and	
analyzed	transmission	electronic	microscopy	data.	G.G.R.,	F.M.	














Spectrometry	Facility	 for	access	 to	 the	EPSRC-funded	Bruker	
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